Sensitivity of the ear 

How we hear the loudness 
of sound is affected by the 
frequency of the sound as 
well as by the amplitude . 

The human ear is most 
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sensitive to sounds between ^ 
ar^3,000 Hz. 

ear is less^s^sitive to ^ 
sounds outside this range. 
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The Equal Loudness Curve 
on the right shows how 
sounds of different 
frequencies compare. 
Sounds near 2,000 Hz seem 
louder than sounds of other 
frequencies, even at the 
same decibel level. 

For example, the Equal 
L^^^-dness Curve shows that 
" ►40^dB ^sSra^ ^0^ PI 

sounds just as loud as an 80 
dB sound at 50 Hz. 



Equal Loudness Curve 



100 

eo 

00 
40 

20 



N i*> 



• Sound waves are divided into three categories 
that cover different frequency ranges: 

a) Audible waves lie within the range of sensitivity 
of the human ear. They can be generated in a 
variety of ways, such as by musical instruments, 
human voices, or loudspeakers. 

b) Infrasonic waves have frequencies below the 
audible range. Elephants can use infrasonic waves 

^to^ommunicate with ^ach otheL . 

d) UTtrasonia waves haveirequendes abUv J3fee 
audible range. 
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Motion of an Object Attached to a 



spring 

when the block is displaced to a 
position X, the spring exerts on 
the block a force that is 
proportional to the position and 
given by Hooke's law 




call Ltfiis ^^r esto ring'for ce 

because it is always directed 
toward the equilibrium position 



(a) 1 



-A 



(b) 



x= 0 



0 
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• Applying Newton's second law = m^x to the 
motion of the block, we obtain 



— kx= ma. 



fl« = X 



m 

That is, the acceleration is proportional to the 
position of the block, and its direction is opposite 
the direction of the displacement from equilibrium. 

^^^^^TTS Jtbc|yij f h^vf J g|thi s ^ vy^pfp^id to 
exhibit simpTe harmonic Motion. AT object 
moves with simple harmonic motion whenever 
ileraJtior^is^proportioi^l to its position 
ifj2](^s i te^^ i rec ted^(T%t e^trT|p I a ^ m e n t 




quilibriu 
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Mathematical Representation of Simple 

Harmonic Motion 



1 , . ^ 



by definition, we can represent a = dv dt = d^x^dt'. and so we can express 



d'-x 



= X 

m 



If \vc denote the ratio kin with the ?synibol co" then 

k 



m 







Miere ccwK^are comtants. To ^tt exp licith 
[quatka tliat 



dt dt 



d^x d 



dt d( 

Comparing Eqmtions 6.6 *iiicl 6.8. we set that d"x.'dt ' = - 05*x and Eqimtion 
6.5 is satisfied. 
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Wave Motion 

Consider a pulse traveling to the right on a 
long string, the shape of the pulse, whatever 
it may be, can be represented by some 
mathematical function which we will write 

This function describes the transverse 



^^^^ci^ion J^^f th| elemertf of the ^ring 
^ <Jol:ated ^ eacITItluSi jSlltii^f=6 
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• Because the speed of the pulse is v, the pulse has traveled 
to the right a distance vt at the time t (Fig. 7.1b). We 
assume that the shape of the pulse does not change with 
time. Thus, at time t, the shape of the pulse is the same as it 
was at time ^ = 0, as in Figure 7.1a. 




the shape of the pulse is given hy y = f[x\. (b) At some hiier time tlie shape remains 
unchanged and the vertical position o± an element of the medium any point /'is given 
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• Consequently, an element of the string at x at this time has the 
same y position as an element located at x - vt had at time t = 0: 



Similarly, if the pulse travels to the left, the transverse positions of elements 
of the string are described by 

y{x, f) = f{x-\- vt) 



■an 1 j1 




The function y, sometimes called tlie wave 
^fltrction^ depends on the two variables x andit. For 
HTs reaso!WWIfttlih4l^tli>^ is read 

y as a function of x and t. 
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Sinusoidal Waves 



we introduce an important wave function whose shape is 
sinusoidal called sinusoidal wave as in Figure 7.2a, 
which shows the position of the wave at t = 0. Because the 
wave is sinusoidal, we expect the wave function at this 
instant to be expressed as y(x, 0) = A sin ax, where A 
is the amplitude and a is a constant to be determined. At x 
= 0, we see that y(0, 0) = A sin a(0) = 0, consistent with 
figure "".^a. The next valine of x for-which y is z^o is x = 

^2r^s, Luondersnare 
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?(y.*j) = a«"«(y) = o 



7,4 
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For this to be true, we must have a(y2) = n, or a = 2k/X. Thus, the 
function de scribin g t he pos itions Ihe elements of the medium 

miicRS sinu^^Hi w ave* traveTTng can be written 
t taitor 



y(x^ 0) = A sin 



If the wave moves to the right with a speed v, then 
the wave function at some later time t is 



y(x, 0 — A sin 



By definition^ the \va%'e ti avek a distance of one wnvelength in one period T. 
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The variation in the gas pressure AP measured from the 
equilibrium value is also periodic. 

(2) 

where the pressure amplitude AP^^^^ — ^which is the 
maximum change in pressure from the equilibrium value — 
is given by 

A^imx = P^^W (3) 




T 

eimer 



we se^e^^a^^ jo| nd w ave be^ co nsj^ ^ed as 
displacement wave^^ a p^ssm'e^^ave . A 

comparison of their equation shows that the pressure wave 

^90° o^^f ph^^with th^isj^acement 



wave.. 
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Graphs of these functions 
are shown in. Note that the 
pressure variation is a 
maximum when the 
displacement from 
equihbrium is zero, and 
the displacement from 
equilibrium is a maximum 
when the pressure 
variation is zero 







Ljondershare 



TM 



PDF Editor 



Derivation of Pressure Equation 



Consider a thin disk-shaped element of 
gas whose circular cross section is 
parallel to the piston in Figure. This 
element will undergo changes in 
position, pressure, and density as a sound 
wave propagates through the gas. 
From the definition of bulk modulus 



*liunc sua 




volul 



The pressure variation in the gas is 
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• The element has a thickness Ax in the horizontal direction 
and a cross-sectional area A, so its volume is = A Ax, 




• The change in volume A F accompanying the pressure change 
is equal to AAs, where A^" is the difference between the value 
of ^ at X + Ax and the value of s at x. Hence, we can express 
APas 

(5) 

^ 9s/3x. (The partial derivativenndicates tnat we are 
interested in the variation of s with position at a 
fixed tinaer-i-Thei 
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• If the position function is the simple sinusoidal function given 
before, we find that 

= - i) — cos(k - ] = fl%ax^ sin( k- (i)t) ^ ^ ^ 

Because the bulk modulus is given by B = pv^ seen before, the 
pressure variation reduces to 

we can write k = co/v; hence, AP can be expressed as 

Luoradecshare" m 
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• Because the sine function has a maximum value of 
1 , we see that the maximum value of the pressure 
variation is AP = pvco^ and we arrive to 
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QUIZ 



• As a certain sound wave travels through the air, 
it produces pressure variations (above and below 
atmospheric pressure) given by 

AP = 1.27 sin(7rx - 34071^) in SI units. Find 

(a) the amplitude of the pressure variations, 

(c) ^e walsf^i^liOltll ^ ^ ^ ^ ^ 

(d) th e s peed o f t he sou nd wave. 
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Intensity of Periodic Sound Waves 

• we showed that a wave travehng on a taut string 
transports energy. The same concept appHes to 
sound waves. Consider an element of air of mass Am 
and width Ax in front of a piston oscillating with a 
frequency cd, as shown in Figure below. 




Ljon 
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• The piston transmits energy to this element of air in the 
tube, and the energy is propagated away from the piston by 
the sound wave. 

• To evaluate the rate of energy transfer for the sound wave, 
we shall evaluate the kinetic energy of this element of air, 
which is undergoing simple harmonic motion. 

• We shall follow a procedure in which we evaluated the rate 
of energy transfer for a wave on a string. 

• As the sound wave propagates away from the piston, the position of any 
element of air in front of the piston is given by Equation (1). 




i*j o Fi d Ef °shis r B 



• To evaluate the kinetic energy of this element of air, we need to know 
its spee d. We fi nd the spee d by taking the time derivative of Equation 
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^'(X, t) = — x(x, 0 = — [.^max COsikx — Off)] = - <OS^^^,^^ s\n(kx - <of) 

at at 



Imiij^inu tbiii wc lake a "snapslmt" nf iIk- wave at / = 0, Tlu' kiiU'tic cncrg\' of a 
given element of air iU this time is 

= |Awi(f)^ - ^Lm{-(i)s^^ sin Ajc)^ = \pA ^xl-m^^^ sin h)^ 
= ^p/lAx(w%,x)-sin-k 



where A is the cross-sectional area of the element and 

Ax !£its vn|uiri JA/p i rit^ ra tfit h i q pxn rf^^TMi over a 

irw^veleriyifi LoTina nfy roraTKirlSc erel'gy in one 
wavelength. Letting the element of air shrink to 
M^nfinitesinnal ttiick nes^ , I ^ ■ 

Ptjp Editor 



A\ = J f/ A' = J ^/ U £0 V niax ) " ~ ( ^ max ) "I ^ " ^ 




Since sin2x= V2 - Vi cos(2x) 
Therefore sin^ kx = Vi - V2 cos (2kx) 
By substitution in the integration 
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The total potential energy for one wavelength has the same value 
as the total kinetic energy; thus, the total mechanical energy for 
one wavelength is 

The rate of energy transfer is 



AH 



where v is the speed of sound in air. 




mMie ii uensB piJUii f£^^]|^c|pqg |)C] 

Dcnclicuhir to llic clircciion of travel ol ihcJttiv 



TM 

be the rate at 



on^Hh a unit area ;1 pti- 



In the present case, therefore, the intensity is 



Thus, wc sec that the intcnsitj' of a periodic sound we is proportional to the 
square of the disphcement amphtiide and to the square of the angular frequency 



This can also be written in terms of the pressure 
-^a^itudi^^g jn^^^ie^l <jljgjrg™ 
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• Now consider a point source emitting sound 
waves equally in all directions. From everyday 
experience, we know that the intensity of sound 
decreases as we move farther from the source. 

• We identify an imaginary sphere of radius r 
centered on the source. 

• When a source emits sound equally in all 
directions, we describe the result as a spherical 

j^^^ -The average 'power P" emitted by the 
"^source must uc inmrOTTecrTim er this 

spherical surface of area Anr^, Hence, the wave 
■Intensiiy-at a distance r fmra-thft source is 
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This inverse-square law, which is reminiscent of the 
behavior of gravity, states that the intensity 
decreases in proportion to the square of the distance 
from the source. 




Ljondershare 



PDF Editor 



Example 

• A point source emits sound waves with an 
average power output of 80.0 W. 

(A) Find the intensity 3.00 m from the source. 

(B) Find the distance at which the intensity of 
the sound is 1.00 x 10"^ W/m^. 
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Sofution A poim source riiiits tuicMgy in ihv Ruiu ut splioii- 
Gil waves. Using Equation we have 



mx) W 



47rr 417(3,00 ni)"^ 
an iiiunisii) ihiU is i litsc^ tu ihe lluvslioltl ofpaiiL 




onOCTStiBfe™ 

= 2.52X10'^m 
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QUIZ 



• A vacuum cleaner produces sound with a 
measured sound level of 70.0 dB. (a) What is 
the intensity of this sound in W/m^? (b) What is 
the pressure amplitude of the sound? 

Given : The speed of sound in air is 340m/s and 
^^^l^j^lJe dfensit^f fg^ir,^^ \iJ^m^\^^r^™ 
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Solution 



(a) 70.0 dB = lOlog 



{ I 



\l.0Ox lO"^" W/m^^ 
Therefore, I = (lOO x 10"^' W/m" W'^'^^^ = 1 1.00x10"^ 
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AP^^=72^ = j2(l.20 kg/m^)(343 m/s)(l.00 x 10"^ W/m^) 
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The Doppler effect 




The shift in frequency caused by motion is called the 
Doppler effect. 

It occurs when a sound source is moving at speeds 
less than the speed of sound. 

Stationary Moving , 

soujai^ource ^ _ sound source ^ \ 
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»uj|^^urce ^ - sound source ^ M 
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That is, the observed frequency is increased whenever the source 
is moving toward the observer. 

When the source moves away from a stationary observer, as is 
the case for observer B in Figure , the observer measures a 
wavelength V that is greater than X and hears a decreased 
frequency: 

I V \ 

f - y ^ jf (source moving away from observer) 



Finally, we find the following general relationship for 



^th 
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Example 

• A submarine (sub A) travels through water at a speed of 8.00 m/s, emitting a 
sonar wave at a frequency of 1 400 Hz. The speed of sound in the water is 1 
533 m/s. A second submarine (sub B) is located such that both submarines 
are traveling directly toward one another. The second submarine is moving 
at 9.00 m/s. 

• Find the Doppler-shifted frequency as the two submarines approach each 
other? 

Solution 
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• What frequency is detected by an observer riding on sub B as 
the two submarines recede from each other? 
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(c) While the subs are approaching each other, some of the sound 
from sub A will reflect from sub B and return to sub A. If this 
sound were to be detected by an observer on sub A, what is its 
frequency? 

Answer : The sound of apparent frequency 1 4 1 6 Hz found in part 
(A) will be reflected from a moving source (sub B) and then 
detected by a moving observer (sub A). Thus, the frequency 
detected by sub A is 




1533m/s - ( + 9.00m/s) 





(1416 Hz) = 1432 Hz 
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QUIZ 



Standing at a crosswalk, you hear a frequency of 
560 Hz from the siren of an approaching 
ambulance. After the ambulance passes, the 
observed frequency of the siren is 480 Hz. 
Determine the ambulance's speed from these 
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Approaching ambulance: /' = , ' . 

(l-os/o) 

Departing ambulance: /" = 



Since /' = 560 Hz and /" = 480 Hz 560[ 1 - ^1 = 48of 1 + - 

{ v) { vj 

liJDnderSi f.&re™ 

80.0(343) , ^- -n 

»j= m/s= 26.4 m/s 
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Shock Waves 




•The speed of the source can 
exceed the speed of the wave. 

•The envelope of these wave 
fronts is a cone whose apex 
half-angle is given by sin 6 = 



JMf^ called the MacJ^m 

id 



^^angle. 
•The ratio / v is referred to 

•^e relat^iship between t]m 
Mach ang^and the ■ 
itimberisB ^ 



Mach Number 



The envelope of the wave 
fronts forms a cone whose 
apex half-angle is given by 
sin 0 = v/v^. 




The speed of sound depends primarily on the 
fluid temperature around it and is given as 




where T is the temperature (Kelvin), R is the gas 
'^ronstairrT)f fluid and^ft ttil adiabaticFmdex of 
the gas (that is the ratio of specific heats of a gas 
it constant pressure and volume). 



• For most calculations, standard air conditions are 
assumed and a value of y =1.4 and R = 287 
J/(kg K) are used. 




Worked Example 




Determine the velocity of a bullet fired in the air if the Mach 
angle is observed to be 30° . Given that the temperature of the 
air is 22° C Take y = 1.4 and R = 287.43 J/kg.K 

T = 273.15 +22 = 295.15 K 

Sonic velocity = 

= V(l -4) (287.4) (295 . 1 5 
. . i-^-= 344.6 m/s ^ ^ _^^tm 





For the Mach cone, Sin a = — =o 5 • M =2 0 

M 

Sr^s) = 



(344.^ m/s) = 689.2 m/s 
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Worked Example 

An observer on the ground hears the sonic boom of 
a plane 15km above when the plane has gone 20km 
ahead of him. Estimate the speed of flight of the 
plane. 




I5km _ _ _ 

tana= = U.7j 

20 km 

a = 36.87° 



sin 36.87° = 0.6 = 1/M 



Luondershare 



TM 



The plane must be flying at a supersonic speed 
correspOTding fn local mach number of 1.67. 






Waves on a String, Harmonic 

Series 

•The fundamental frequency corresponds to n= I. 

- It is the lowest frequency, 

•The frequencies of the remaining natural modes are integer 
multiples of the fundamental frequency. 

-fn = ^/l 

•Frequencies of normal modes that exhibit this relationship 
^^ftm^ harmonic series^ ^ ^ ^ ^^tm 

•file 
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Resonance. 

- All elastic objects have natural frequencies of vibration 
that are determined by the materials they are made of and 
their shapes. 

- When energy is transferred at the natural frequencies, 
there is a dramatic increase of amplitude called 
resonance. 




Jli^ nattii^ ^h^ff^gg^ pR^J|SH^ resonant 
frequencies. 
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• Resonance - when a FORCED vibration 
matches an object's natural frequency thus 
producing vibration, sound, or even damage 
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QUIZ 



A train is moving parallel to a highway with a constant speed 
of 20.0 m/s. A car is traveling in the same direction as the 
train with a speed of 40.0 m/s. The car horn sounds at a 
frequency of 510 Hz, and the train whistle sounds at a 
frequency of 320 Hz. (a) When the car is behind the train, 
what frequency does an occupant of the car observe for the 
train whistle? (b) After the car passes and is in front of the 
tmi!^wKat^]^jL^n|| c^ ys^jp yi a^|eng gi^ )jj)S|ry;e^R)r the 
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QUIZ 



1- Two waves in one string" are described t>y the wave functions 

yi — 3.0 cos(4.0a: — 1.6/> 

and 

>>2 = 4.0 sin(5.0^ — 2.0/> 

where y and x are in centinrieters and / is in seconds. Find tlie 
superposition of the waves -+- at the points (a) x = l.OO, 
e= l.OO, (b) x= l.OO, / = 0.500, and (c> x= 0.5OO, / = O. 

y =iN. + 1/2 = ^ 00 cos(400 A - 1.601) + 400 sm(5.0A' - 2.00 f) evaluated at the given x values. 




= 1.00, f = 





.OIU) = 



-1.65 cm 



x= 1.00, f = 0.500 




y = 3.00cos(+3.20 rad) -r 4.00 sin(+400 rad) = 

tui 



-6.02 cm 



1.15 cm 



(a) 



We have A = — and/is the same for all three waves. Since the speed is smallest in air^ a is 

1 493 m/s 



smallest in air. It is larger by 
5 950 



331 ni/s 



4.51 times 



in water and bv 



331 



18.0 times in iron 



1 2/ 

From / = -pyty^sj^^; s^^ = ^— , s^^^ is smallest in iron, larger in water by 

2 ^1 piwjQ 



7860-5 950 



Pwater^water \l 1 000 ■ 1 493 



5.60 times 



, and larger in air by 



[7 860 5 950 
\ 1.29-331 



331 times 




V vItt (331 m/s)2.T 



f CO 2 000.t/s 
I 493 m/s 
1 00 0/s 



0.331 m 



m air 



1.49 m 



in water 



5950 nys 
1 000/s 



5.9s m 



m iron 



— J 



2L 



2x10"^ W/W 



'max 



'max 



\ pucol ^ ^1.29 kg/ni^)(331 nVs)(6 283 

I 2x10"^ " 1 
^11000(1493) 6 283 

2 X 10"^ 1 



1.09 X 10 ^ m in air 



= 1.84 X 10"^° m 



m water 




7 860(5 950) 6 283 



3-29 X 10"" m 



in iron 



AP^^=^/2x 10-^(1 000)1 493 = 



IM 
Pa 



m air 



1.73 Pa in water 




AH„„. = J2xl0~^f7 860)(5 950) = 




